This paper presents a study on modelling and simulation of transient operational characteristics in multitubular fixed-bed reactors. The dynamic model of the reactor is based on a "porous body" approach which regards the intertubular space as a pseudo-homogeneous environment. Such an approach permits to take into account most factors in the geometrical design of the unit and thus to study the influence of various shell-side geometrical and operational parameters on the reactor behaviour. Based on the model, the dynamic responses of the two most common industrial reactor designs, i.e. the parallel flow unit with distributing plates and the crossflow reactor with disk-and-doughnut baffles have been investigated and compared. In addition, some problems of correct space discretization and use of time-dependent regridding procedures, are discussed.
Introduction
All the mass and heat balances on the shell and tube sides are In their previous papers [ 1 -41, both authors considered based on the unit volume of the shell. Therefore, it is necessary various aspects of multitubular reactor operation. Stankiewicz to introduce several parameters which would relate certain fac-[4] proposed a mathematical model of the cocurrent tors in the reactor geometry to unit volume of the shell, multitubular unit operating under steady-state conditions. namely: ') There, it was found that some of the geometrical (design) factors, such as tube diameteritube pitch ratio or tube-to-baffle clearances, can exert a strong influence on the operational characteristics of the unit. The hitherto developed models of fixed-bed reactors applied -unit volume of shell ' either single-tube units with uniform conditions of heat removal -along the tube or idealized rectangular tube bundles with no leakage by-pass flows via the tube-to-baffle clearances and constant coolant velocity throughout the intertubular space [7 -91. In contrast, the present model should allow to include the details of the shell-side phenomena in the consideration, and thus to investigate the influence of the geometrical design of intertubular space on the dynamic behaviour of the reactor. The main assumption and a novel feature of the present model is a "porous body" approach, which implies that the entire intertubular space is regarded as a pseudo-homogeneous environment with coolant flow in radial and axial directions, taking local variations of heat transfer from the reactor tubes into account.
It can he Seen easily that
where E is the porosity of packed bed. 
Definition of such parameters leads to the formulation of the general model equations as follows:
so that there is no circumferential component of the coolant flow by-passing the tube bundle.
Coolant heat balance:
I Initial and Boundary Conditions for the Model
The model described by Eqs (8) ( I , z , t ) at
wj = wjo(r,z) ,
Tube-wall heat balance:
As far as the boundarv conditions are concerned. their formula-
Tube-side heat balance:
However, the boundary conditions for coolant temperature largely depend both on reactor configuration and on the problem under investigation. In our case, it was assumed that the
Mass balance of reactants:
In order to account for gas density and pressure changes in the catalyst filled tubes, the above model has been completed with the following equations:
where Ri, is the radial position of coolant inlet (in practice Ri, central tube), while Hi, denotes the height of the coolant inlet.
On the other hand, assumption of a Perfect insulation of the reactor shell and axial symmetry of coolant flow allows to set
is equal either to the radius of the reactor shell or to that of the Ergun's equation:
Ideal gas law:
(12) at all other boundaries, except for coolant inlets/outlets, as shown schematically in Fig. 1 for the case of reactor with diskand-doughnut baffles.
As can be seen from Eqs (8) -(1 I), several assumptions have been made in the development of the present model, namely:
-The tube-side process can be approximated by the onedimensional pseudo-homogeneous model with axial diffusion/conduction terms neglected. -Axial conductivity in the tube wall is neglected. Heat capacity of the tube wall is, however, taken into consideration. -In the reactor shell, the cylindrical symmetry of the coolant flow is preserved, i.e. coolant inlets/outlets are uniformly positioned along the shell (or central tube) circumference,
Solution of the Model
The tube-side balances of the presented model were spacediscretized by backward finite differences, while the shell-side was approximated by a network of corresponding two-dimensional CSTR's for which local coolant velocities U, and U, were determined, based on the earlier developed method for the calculation of coolant flow distribution in the intertubular space When solving the model, the number of space grid points in both directions varied depending on the run but, on the average, the total number ranged between 800 and 1200. In order to solve the resultant very large systems of ODE'S 
Analysis of Results
The above dynamic model of the multitubular reactor was used for numerical simulation and comparative analysis of the dynamic behaviour of two basic alternatives of cocurrent industrial units, i.e. the crossflow reactor fitted with three diskand-doughnut baffles and the parallel flow reactor fitted with distributing plates. Both investigated units have the same basic geometrical parameters, namely:
In both types of reactor, the coolant is fed circumferentially and its inlets are assumed to be uniformly distributed along the shell perimeter.
On the tube-side, a highly exothermic reaction of the type As a rule, the parallel flow reactor is more sensitive to various input disturbances in the operational variables. This especially applies to the tubes positioned further from the coolant inlet and subjected to unfavourable conditions of heat removal, due to coolant leakages through the tube-to-baffle clearances. Fig. 2 shows the time responses of reactant temperature to a step increase in inlet concentration by 5% of the initial value, in the reactor with parallel coolant flow for tubes positioned near the coolant inlet (reactor circumference) and on the opposite side of the tube bundle (reactor axis). Fig. 3 presents the corresponding situation in the reactor with three disk-and-doughnut baffles which appeared to be much less sensitive, regarding both the response amplitude and the positions of the catalytic tubes.
A similar situation can be observed in the case of a step decrease in the coolant flow rate by ca. 50%. The reactor with parallel coolant flow responded strongly (Fig. 4) via significant increase of temperature in the fixed beds while, in the unit fitted with disk-and-doughnut baffles, there was practically no change in the temperature profiles (Fig. 5) .
The observed behaviour is mainly due to the considerable differences between the crossflow and parallel flow heat transfer coefficients on the shell-side which, in some cases, may differ by as much as an order of magnitude. Local irregularities, which can be seen in the initial steady-state profiles in Figs 2a and 4a, correspond exactly to the axial position of the distributing plate, i.e. the location where the shell-side heat transfer coefficients changed their value from ca. 4000 to ca. 700 W/m2K.
It is worth noting that, at very strong disturbances, especially in the tubes with poor heat removal, the density of the space grid may play an important role in obtaining reliable results from the simulation runs. This is illustrated by the example shown in Figs 6 and 7. Fig. 6 presents a false result of simulation of a response to a double-ramp increase in the inlet gas Indeed, increase of grid density by a factor of 4 produced the expected moving front with the reconstruction of the initial steady-state profile (Fig. 7) .
1800
-f . , trol of the feed parameters. In addition, the incorporation of an inert entrance section into the tubes, acting as reactant preheater, allows to avoid such strong responses to the disturbances in gas temperature. This can be seen in Fig. 8 where the same disturbance as in Fig. 7 has been simulated assuming the presence of an inert packing upstream of the active catalyst bed.
Conclusions
The dynamic model of multitubular fixed-bed reactors proposed in this study showed potential differences in responses to various disturbances, depending on the geometrical configuration (type) of intertubular space. It has been established that parallel flow reactors show much more sensitive behaviour, especially in tubes far from the coolant inlet. This is attributed to the shell-side heat transfer coefficient which, in parallel flow, is many times lower than that in crossflow. 
